eukaryotic cells. Of the six mammalian actins, beta (/3) and gamma (3") cytoplasmic are the isoforms found in all nonmuscle cells and differ by only four amino acids at the amino-terminal region. Both genes are regulated temporally and spatially, though no differences in protein function have been described. Using fluorescent double in situ hybridization we describe the simultaneous intracellular localization of both/3 and 3' actin mRNA. This study shows that myoblasts differentially segregate the/3 and 3' actin mRNAs. The distribution of 3' actin mRNA, only to perinuclear and nearby cytoplasm, suggests a distribution based on diffusion or restriction to nearby cytoplasm. The distribution of fl actin mRNA, perinuclear and at the cell periphery, implicates a peripheral localizing signal which is unique to the fl isoform. The peripheral fl actin mRNA corresponded to cellular morphologies, extending processes, and ruffling edges that reflect cell movement. Total actin and 3' actin protein steady-state distributions were identified by specific antibodies. 3' actin protein was found in both stress fibers and at the cell plasma membrane and does not correspond to its mRNA distribution. We suggest that localized protein synthesis rather than steady-state distribution functionally differentiates between the actin isoforms.
emerging mechanism for controlling protein expression is intracellular localization of the translation event, mRNA localization occurs in early embryonic development (Yisraeli et al., 1990) , in neurons (for review see Steward and Banker, 1992) , and in wound repair (Hoock et al., 1991) . Actin mRNAs were among the first shown to be localized within cells Singer, 1985, 1986) and probes which identify all isoforms show actin mRNA at the motile periphery of chick fibroblasts and myoblasts Singer, 1985, 1986; Sundell and Singer, 1990) , and in association with the cytoskeleton (Sundell and Singer, 1991) . Indeed, mRNA association with the cytoskeleton for transportation and positioning is probably the mechanism used both in development (Yisraeli et al., 1990) and in mature cells (Hesketh and Pryme, 1991; Taneja et al., 1992) . Mammalian endothelial cells localize/3 actin mRNA to peripheral regions of motility (Hoock et al., 1991) . Transport of mRNA is probably a process involving either the 3' untranslated region (3'UTR) t sequence (Gottlieb, 1992) or its secondary structure (Macdonald and Struhl, 1988; Mowry and Melton, 1992) binding to a carrier. Interestingly, the/3 and ~ actin isoforms share no sequence homology in their 3'UTR when analyzed by sequence comparison routines (Erba et al., 1986) . If the 3'UTRs of these two mRNAs have a specific function, then it is possibly different for each of these actin isoforms. One function for the 3'UTR of/3 actin mRNA is its localization within cells (Singer, R. H., personal communication). One question this raises is whether the actin mRNAs are identically located within cells.
The microfilaments of the cell cytoskeleton are made from the two nonmuscle cytoplasmic /3 and "t actin isoforms. While both actin isoforms are very similar, differing by only four amino acids near the amino terminus (Vanderkerckhove and Weber, 1978) , they have different roles in overall cell cytoarchitecture. The/3:3/ratio within cells is strictly regulated (Otey et al., 1987) , and perturbation of this ratio in myoblasts by transfection with either fl or -y actin has significant and opposite effects Lloyd et al., 1992) . Increasing /3 actin results in larger cells whereas increasing 7 actin decreases cell size . This suggests that myoblasts differentiate between isoforms and use the proteins differently. Similarly, there have been shown to be differences between the ability of actin protein isoforms to incorporate into myotubes in vitro (Peng and Fischman, 1991) . In contrast, both muscle and nonmuscle isoforms have been shown to incorporate into the cytoskeleton (Gunning et al., 1984; McKenna et al., 1985) . It is therefore not yet clear at what level and how the differences between actin isoforms occur and what these differences may mean to actin isoform function within the cell.
A mechanism to generate differences in isoform function could be the specific positioning of newly translated actin within the cell. We report in this study that "y and ~/actin mRNAs are not identically located in myoblasts.
Materials and Methods

Cell Culture and Protein Analysis
The intracellular distribution of 3, and/~ actin mRNA and protein was analyzed in C2 myoblasts (Yaffe and Saxel, 1977) and C2 clones transfected with the human/~ actin gene . Cells were grown on collagen-coated (calf-skin collagen, Calbiochem, Sydney, Australia) glass multiwell slides (Nunc Inc., Naperville, IL), in MEM plus 20% FCS (Cytosysterns, Sydney, Australia), and 0.5% chick embryo extract (Flow, Sydney, Australia). The next day cells were fixed in 1% formaldehyde, and then in cold methanol for 20 rain. For protein studies cells were fixed and incubated for 1 h at 37°C with primary antibody, washed three times with PBS, and identified with a fluorescently conjugated secondary antibody (Tago Inc., Burlingame, CA). Confocal microscope analysis on double-labeled cells was carried out as described for in situ analysis. The C4 monoclonal total actin antibody was provided by Dr. J. Lessard (Children's Hospital Research Foundation, Cincinnati, OH). The 3' actin rabbit antisera was provided by Dr. J. C. Bulinski (Columbia University, New York).
RNA Probes
Isoform specific 3' UTR probes were derived from the mouse genes, with complementary strands used as the controls. The ~ actin probe was a 198 bp fragment from 1,468-1,665 (accession no. x03672). The "y actin probe was a 264 bp fragment from 1,310-1,574 (accession no. x13055). These fragments were cloned into pGEM-3Z (Promega Corp., Madison, WI) and orientation determined by Northern and slot blot analysis (data not shown). All chemicals were of RNA grade, solutions diethylpyrocarbonate treated and/or autoclaved with sterile plnsticware used throughout. Plasmids were linearized appropriately for either SP6 or T7 polymerase directed RNA synthesis. Synthesized RNA was labeled by incorporating either digoxigeninconjugated UTP or fluorescein-conjugated UTP as recommended by the manufacturer (Boehringer Mannheim, Sydney, Australia). Briefly, to 1/,tg of linearized template was added 2 #1 of a 10 retool/1 nucleotide mix (including 6.5 mmol/l labeled UTP and 3.5 mmol/l unlabeled UTP), 2 #1 of 10× transcription buffer, 2 #1 of either polymernse, 12 /tl H20, and 1 #1 of RNnse inhibitor. After 2 h at 37°C, the template was destroyed by DNase treatment, RNA precipitated and resuspended in 98 #1 of H20, and 2 ttl of RNase inhibitor. Digoxigenin-labeled RNA was then quantified by comparison with known standards on slot blot analysis with alkaline phosphatase (AP)-conjngated antibodies and staining as described for slide staining below. Typically 1/10 of the labeled product was used for each hybridization series.
In Situ Hybridization
Hybridization procedures were based on those described in Singer (1985, 1986) . All chemicals were of RNA grade. All solutions diethylpyrocarbonate treated and/or autoclaved. Glassware and instruments were baked overnight at 200°C. Hybridization solution was made fresh each time and contained: 50% formamide, 5× SSC, 0.1% N-lanrosarcusine, 0.1% SDS, 100 #g/ml tRNA, 5 % blocking solution (Boehringer Mannheim, Sydney, Australia), 20% dextran sulfate. Slide prehybridizatiou was in 500 ~1 of hybridization solution without probe at 45°C for 1 h with a coverslip. The prehybridization solution was removed and probe or control RNA was added in 100/zl of hybridization solution, coversfipped, and then incubated at 45ec overnight in a humidified container. In double-labeling experiments both probes were added together. Slides were washed with 2 × SSC at 450C, and then 1 × SSC/0.1% SDS at 65 °C. High stringency wash conditions were three washes in 0.1× SSC at 65°C each for 30 rain with agitation. Lower temperature washes at 40°C in 0.5× SSC with addition of 50% formamide and posttreatment with RNase gave similar results. Slides were then equilibrated in PBS. Experiments using fluorescein-conjngated RNA alone were then mounted and analyzed. Experiments using digoxigenin-labeled RNA alone or double-labeled with fluorescein-conjugated RNA were further processed. Rhodamine-and fluorescein-conjngated antibodies (Boehringer Mannheim, Sydney, Australia) were diluted 1:10 in PBS with 0.5% BSA, reacted with blocked slides (10% inactivated FCS in PBS 1 h at 370C) for 1-2 h at 37"C, and then washed in PBS at pH 7.5, or at pH 8 to reduce nonspecific binding. Slides were mounted in 1,4-diazabicyclo[2.2.2] octane (Sigma Chem. Co., St. Louis, MO) in glycerol.
For AP-conjngated antibodies, the slides were blocked for 30 rain, washed three times in TBS, pH 7.5, for 10 rain, incubated with antidigoxigenin-AP (Boehringer Mannheim, Sydney, Australia) diluted 1:100 with "rBS, reacted in staining solution for 1 h, color development stopped with water, and then were dehydrated, mounted, photographed, and analyzed (Leitz Fluorovert FS). Staining solution (Boehringer Mannbeim, Sydney, Australia) consisted of: 10 ml Tris buffer, pH 9.5; 50 #1 nitroblue tetrazulium chloride solution (100 mg in 1.3 ml dimethylformamide, 70% vol/vol); 37.5 ~tl 5-bromo-4-chloro-3-indolyl-phosphate solution (50 mg in 1 ml dimethylformamide).
Laser Scanning Confocal Microscope Analysis
A ConFocal Laser Scanning Microscope (CLSM) (W'dd Leitz Instruments, Heidelberg, Germany) with a 40× objective (1.3 NA) allowing a minimum slice thickness of 0.75 ~tm was used to analyze label distribution within cells. Cells with a fully spread morphology, previously determined by limelapse video analysis (data not shown), were analyzed for ~ and -y actin mRNA distribution. Cells were optically sectioned in the xy and xz planes (parallel and perpendicular to substratum) with multiple scan averaging and all images stored on optical disc. Extended focus is an algorithm which compiles individual sections of the whole cell (Wilson and Carlini, 1988) . In double-labeling experiments, identical confocal sfices were taken for both probes allowing direct comparison of both mRNAs within each cell.
Labeling intensity was analyzed directly on the CLSM with supplied software or on images ffansferred to Macintosh computers (Apple, Australia) and examined with NIH Image 1.41.
YUTR Sequence Comparison
Primary sequence comparisons for both mouse/~ and 7 actin full length 3~-TR sequences were compared using Macvector (Version 3.5, IBI, New Haven, CT) routines. Secondary structures of the 3~I'R sequences were determined by the minimal energy folding method of Zuker (1989) .
Results
Folding of ~ and.v Actin mRNA 3'UTRs
Many studies to date point to the 3'UTR as the region of localization signals either as part of the primary sequence (Gottlieb, 1992) or the secondary structures they form (Macdonald and Struhl, 1988; Mowry and Melton, 1992). We compared 1~ and ~ actin 3~tYl'R primary sequences and found no similarities between them. In contrast, the YUTR of each has been highly conserved between species (Erba et al., 1988; Tokunaga et al., 1988), suggesting an evolutionary selection to maintain some specific function. Minimal energy folding of both YUTRs by the method of Zuker (1989) showed quite different overall secondary structures (Fig. 1) . The complex patterns of stem loop structures does not exclude the possibility that a specific smaller subsequence could be involved with a common mRNA localizing mechanism. However, the lack of similarity between the two YUTRs suggested to us the possibility of different handling of the actin isoform mRNAs by the cell.
and ,y Actin mRNA Localization
C2 myoblasts (Yaffe and Saxel, 1977) were the cell type used in this study. Clonal C2 cell lines transfected with human/~ actin were also used as they were substantially larger, allowing more accurate mRNA localization, and gave identical results to C2 cells in this study. Initial expe "rnnents used AP color development to locate mRNA within cells (Fig. 2) . Both actin mRNAs were concentrated at and around the nuclei of cells, with a decrease in staining with distance away from the nucleus (Fig. 2, a and b) . The two actin mRNAs differed in their staining at the periphery of cells; 3" (Fig. 2 a) decreased to background nonspecific staining (Fig. 2 c) , while/~ (Fig. 2 b) had specific high level staining in ruffling edges and filipodia which are features of motile cells. The regions of peripheral localization of/3 actin mRNA differed from cell to cell. Narrow processes typically had very positive labeling at the growing tips (white arrows, Fig. 2 b) . The same cells could also have strong peripheral labeling in broad peripheral cytoplasmic regions (black arrows, Fig. 2 b) . This type of different regionalized peripheral labeling varied from cell to cell and within individual cells. More accurate localization was determined by CLSM with fluorscent labeling (Fig. 3) . In spread cells, 3' actin mRNA was found mainly in two intracellular regions, nuclear and cytoplasm surrounding the nucleus (perinuclear) (Fig. 3B) . Nuclear labeling was itself in two forms, diffuse and localized "hotspot" labeling. The hotspots may represent true localized accumulation of mRNA (Carter et al., 1991) but were also occasionally seen in some controls (Fig. 3 F) . Perinuclear labeling appeared strongest in cytoplasm directly surrounding the nucleus and decreased in intensity with distance from the nucleus. Individual xy cell slices (equal cell volumes) and direct probe detection gave the same result, showing that the concentration of 3" actin mRNA decreases away from the perinuclear region. In rounded cells, 3' actin mRNA labeling was always higher than in spread cells (Fig.  3, B, H, and I) and found surrounding the nucleus. CLSM scans of cells which have recently divided and are in the process of separation (Fig. 3, G, H , and I), show high 3" actin mRNA labeling in the cytoplasmic regions between the two cells and on the opposite side of the nucleus in cytoplasm directly opposite the cleavage plane.
In spread cells,/~ aetin mRNA was found mainly in three intracellular regions (Fig. 3 D) : nuclear, perinuclear, and at the periphery of the cell. The nuclear and perinuelear labeling was similar to that found for 3' aetin mRNA. The labeling at the periphery was similar tothat seen in the AP study, in ruffling edges, and in processes (Fig. 3 D) . Processes were generally always labeled (white arrows, Fig. 3 D) while regions of labeling near membrane edges in the main cell cytoplasm were always found but were variable in both amount and location.
Double Labeling of[3 and,y Actin mRNA
Single-labeling experiments show that the distribution of and 3' actin mRNA is different within populations of cells, but cannot be directly compared in an individual cell. To localize both rnRNA species within individual cells, double in situ hybridization labeling was required (Figs. 4 and 5) . This obviates the variations resulting from any dynamic differences in morphology between cells. Double labeling for individual cells confirmed the general distributions of and 3' actin mRNA found in our cell population study: colocalization in the nuclear and perinuclear regions, with only ~ at the periphery of the cells (Fig. 4, i and j) .
Serial CLSM optical slices parallel to the substrate (Fig.  4, a-j) show that most of both mRNAs are in the lowest plane of the cell (Fig. 4, i and j) . The cells have morphologies that suggest that they have recently divided and are in the early stages of actively spreading on the collagen substrate; the left hand cell is still fairly rounded and the right hand cell is extending its cytoplasm (Fig. 4 i, white arrow) . The rounded cell shows both/~ and 3, act.in mRNA labeling in the small amount of cytoplasm present (Fig. 4, e-j) . The lowest plane optical slice in the extending cell (Fig. 4 i) also shows that actin mRNA is concentrated in a peripheral motile region (Fig. 4 i, white arrow) , while the same region (Fig. 4j) is negative for 3" actin mRNA. A scan of ~ and 3' actin fluorescence intensity in the lowest plane optical slice (Fig. 4 1) , along a line from nucleus to periphery (shown in Fig. 4 k) , clearly shows the difference between the two mRNAs at the peripheral region. For both plots the fluorescence intensity scale has been equalized, removing quantitative differences, and shows that increasing 3, fluorescence does not give any peripheral signal.
Quantitation orb and "r Actin mRNA Localization
Quantification of/3 and 3' actin mRNA distribution was carried out for individual single-labeled cells along a line from the center of the nucleus to the cell periphery (Fig. 5 A) . Both/ff and 3" actin concentration ~ with increasing distance from the nucleus, while/3 actin then increases to high levels at the cell periphery. Interestingly, the volume ratio /~:3" under the actin plot lines (2.2:1) approximates the 2:1 overall ratio of actin protein (Otey et al., 1987) and mRNA within the cells.
The same arbitrary divisions (nuclear, perinuclear, cytoplasmic, peripheral) of the cell were used for analysis of whole cell populations. In the AP study, peripheral localization occurred in 80 and 85% of cells (in random samples C2 and/3 actin transfected clones, respectively, n > 80). Quantitation of all the cells in the fluorescence studies produced very similar results (Fig. 5 B) . In contrast, high density cultures show less overall peripheral distribution of label (data not shown). Cells in high density cultures are in close contact and less motile, supporting the concept of an association of peripheral/3 actin mRNA with cell motility (Hoock et al., 1991) .
Total and 7 Actin Protein Localization
The asymmetric distribution of actin isoform mRNA would perhaps predict a restricted 3' actin protein distribution. The distribution of total actin and 3" actin protein was found to be essentially the same, in both cytoplasmic bundles and at the cell periphery (Fig. 6 ). No differences in structures labeled were seen, although some intensity differences occuffed. This suggests that the B and 3' proteins are not differentially localized overall in structures within myoblasts (Otey et al., 1986) though differences have been described for muscle and non-muscle isoforms in myotubes (Pardo et al., 1983; Peng and Fischman, 1991) and pericytes (DeNofrio et al., 1989) . In addition, localization differences for two actin isoforms which apparently incorporate into similar structures may be more subtle or transient than can be detected by this form of analysis. This result does however show that 3" actin is not restricted by the distribution of its mRNA.
Discussion
Intracellular Sorting of mRNAs from a Multigene Family
Localization of mRNA potentially allows intracellular sorting of protein isoforms from a multigene family that are very similar in primary sequence. Such a mechanism has not been previously described. We have shown that/~ and 3" actin isoforms, which differ by only four amino acids (Vandekerckhove and Weber, 1978) , have different intracellular distribu- tions of their mRNAs. We find both/~ and 7 actin mRNA in the perinuclear region, and/~ actin mR.NA alone at the cell periphery. This suggests that cells can discriminate between isoforms at the mRNA level and that this may have a role in the function of each specific isoform. Early studies suggested that all actin mRNA was localized at sites of cell motility Singer, 1985, 1986; Sundell and Singer, 1990) . Subsequently,/3 actin mRNA has been shown to be localized at motile regions in wound repair (Hoock et al., 1991) . Our results show that myoblasts also localize/3 actin mRNA in morphological regions of motility and, as with endothelial cells (Hoock et al., 1991) , in other non-peripheral regions. We now show that 7 actin mRNA has no such association with the cell periphery, though it is localized to the perinuclear region and appears redistributed in cells after cell division (see Fig. 2 ). Unfortunately, no other studies have looked at 7 actin mRNA intracellular distribution. It is therefore not yet clear whether differential sorting of actin isoform mRNAs is a general feature of nonmuscle cells. Figure 6 . Double labeling of (a) 3" actin and (b) total actin protein in C2 myoblasts. CLSM extended focus visualization show similar staining patterns near the nucleus, in stress fibers and at the periphery of the cell. 3' actin protein does not appear to be restricted by its mRNA distribution. Inset shows very high actin labeling in a pair of recently divided cells. No differences in overall structures labeled were seen, although some intensity differences occurred.
The Function of m R N A Localization
Historically, localizing mRNA within the cell appears functionally important when the synthesis of the protein is regionally important. In the egg, polarity determining maternal mRNAs are specifically targeted to different regions by their 3~YFR (Macdonald and Struhl, 1988; Mowry and Melton, 1992; Gavis and Lehmann, 1992) . In other cells, specifying the location of translation may also regulate the positive (Merlie and Sanes, 1985; Simon et al., 1992) or negative (Colman et al., 1982) effects of appropriate protein expression. In neurons, several mRNAs, including those for the cytoskeletal protein MAP2 (Garner et al., 1988) and the postsynapticaUy concentrated calcium/calmodulin-dependent protein kinase II (Burgin et al., 1990) , are specifically transported into dendrites. Thus morphologically and cytoskeletally specialized neuronal cells, as well as simpler epithelial cells, use mRNA localization to control protein function.
Actin mRNA localization does not easily fit such a model. Actin is found throughout the cell in microfilaments and directly under the plasma membrane. The peripheral localization of actin mRNA Singer, 1985, 1986; Singer, 1990, Hoock et al., 1991) does not restrict the distribution of the actin protein isoforms. Similarly, endothelial cells which do appear to concentrate/3 actin at motile regions also have/3 actin throughout the entire cell (Hooek et al., 1991) . We show that in myoblasts 3" actin is also found wherever any actin is found. While we cannot exclude that temporal or subtle differences in protein distribution or concentration may occur, it is apparent that 3" actin mRNA distribution does not act to determine the steadystate location of the protein. Furthermore, it would now be informative to look at the distribution of both/3 and 3" actin isoforms in the same cell.
We suggest an alternative model for the function of the localization of actin isoform mRNA; that of a single gene used to regulate availability of new actin monomer at the cell periphery. To form new actin filaments for cytoskeletal remodeling, free actin monomer is required at concentrations that allow polymerization to occur. Free actin monomer levels are probably very low, with most cellular actin associated with binding proteins (for review see Pollard and Cooper, 1986) and incorporated into microfilament polymer. The availability of newly synthesized free/3 actin monomer at the periphery would provide a ready pool to allow rapid changes to the cytoskeleton. Perinuclear mRNA may then act as a reservoir which could be drawn upon to supply specific motile regions, transported peripherally by microfilaments (Stmdell and Singer, 1991) . Alternatively the perinuclear pool of actin mRNAs may provide a functionally distinct source of actin monomer within the cell.
Localization may allow specific regional changes in the cell cytoskeleton to occur in association with cell motility. A model of rapid cellular movement is that which occurs during wound healing. Epithelial cells in vivo localize actin intracellularly at a wound edge as part of the process to close the wound (Martin and Lewis, 1992) . Endothelial cells in vitro localize/3 mRNA, and indeed may enrich for/3 actin protein, at wound edges where rapid movement is occurring (Hoock et al., 1991) . Another system which points to/3 actin as the dynamically responsive isoform is in neural regeneration after lesion. During neural regeneration, when processes are extending, /3 actin mRNA increases (Phillips and Steward, 1990) while 3' actin is downregulated (Poirier et al., 1992) .
Function of Actin Isoforras
The differential localization of/3 and 3' actin mRNAs may contribute to the functional differences between these two genes. We have previously observed that transfection of the /3 actin gene can produce larger cells whereas transfection of the 3' actin gene results in reduced cell size . In the case of the/3 actin transfection, the total B actin mRNA pool more than doubles. In contrast, the 3' actin transfection reduces the 13 actin mRNA pool .
It is not unreasonable to expect that these changes in the /3 actin mRNA level will produce parallel changes in the peripheral pool of/3 actin mRNA. If this peripheral pool is used to control membrane remodeling, then changes in this pool may control the ability of the cell to spread. This presents a provocative hypothesis. The difference between the impact of the/3 and 3, actin transfections may not simply be a function of different properties of the proteins themselves. Indeed, it is possible that whereas/3 actin rather than 3' actin mRNA is used to supply new monomer at the leading edge, the two proteins may be functionally equivalent at this intracellular site. Alternatively,/3 actin may be the functionally preferred protein to be used at this site. To test these two alternatives, it will be necessary to carry out a transfection with the/3 actin mRNA localizing signal inserted into the 3" actin gene.
Three other results support this concept of actin isoform function. First, the effects of 3' actin gene transfection on cell size correlates with effects seen in neural regeneration models. After neural damage, the regrowth of neuron processes is inhibited by increasing 3' actin mRNA (Poirier et al., 1992) . Second, during the cell cycle 3' actin isoform expression changes (McCairns et al., 1984; Maisbay et al., 1988) . Increasing 3' actin may be involved with cell rounding before cell division and potentially with cell cleavage after division. Our current experiments do not address the relationship between the cell cycle morphological changes and actin mRNA expression, though 3' actin mRNA is increased and highly localized after karyokinesis. Third, we have shown that whereas myoblasts transfected with the entire 3' actin gene are small, removal of the 3q.ITR results in myoblast morphologies which exhibit extended processes (Lloyd and Gunning, 1993) . It is possible that this result may reflect a failure to control localization of the 3" actin mRNA. We are currently studying the possible specific functions encoded by the 3" actin gene YUTR.
All mRNA within a cell is associated with the cytoskeleton either directly or indirectly (Hesketh and Pryme, 1991; Taneja et al., 1992) . The distribution of mRNA is therefore related to the cell architecture, which itself responds to extracellular and intracellular signals. Actin is intriguing as it is both a major component of the cytoskeleton and provides its own mRNA distribution. The localization of mRNA may well be a signaling mechanism used by the cell to make morphological decisions. Alternatively, redistributing mRNA within the cell may occur in response to morphological decisions made by other factors. Thus the crucial issue is now to define the biological significance of differential actin isoform mRNA localization. This promises to add a new dimension to our understanding of the function of the actin multigene family.
